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ABSTRACT We report a 1.4-ns constant-pressure molecular dynamics simulation of cholesterol at 12.5 mol% in a
dipalmitoylphosphatidylcholine (DPPC) bilayer at 50°C and compare the results to our previous simulation of a pure DPPC
bilayer. The interlamellar spacing was increased by 2.5 Å in the cholesterol-containing bilayer, consistent with x-ray diffraction
results, whereas the bilayer thickness was increased by only 1 Å. The bilayer/water interface was more abrupt because the
lipid headgroups lie flatter to fill spaces left by the cholesterol molecules. This leads to less compensation by the lipid
headgroups of the oriented water contribution to the membrane dipole potential and could explain the experimentally
observed increase in the magnitude of the dipole potential by cholesterol. Our calculations suggested that 12.5 mol%
cholesterol does not significantly affect the conformations and packing of the hydrocarbon chains and produces only a slight
reduction in the empty free volume. However, cholesterol has a significant influence on the subnanosecond time scale lipid
dynamics: the diffusion constant for the center-of-mass “rattling” motion was reduced by a factor of 3, and the reorientational
motion of the methylene groups was slowed along the entire length of the hydrocarbon chains.
INTRODUCTION
Cholesterol is an essential, ubiquitous component of eu-
karyotic plasma membranes. From decades of physical
studies, it is well known that cholesterol has many effects on
the structure and dynamics of lipid bilayers. For example,
among other things, cholesterol reduces order in gel phase
bilayers and increases order in liquid crystal phase bilayers,
thereby broadening or even eliminating the main bilayer
phase transition. Moreover, it is well known that cholesterol
modulates the mechanical and transport properties of mem-
branes. For example, adding cholesterol to a lipid bilayer
increases its bending elasticity (Me´le´ard et al., 1997) and
reduces its passive permeability to small molecules (Car-
ruthers and Melchior, 1983; Xiang and Anderson, 1997).
Recent experimental and theoretical progress in understand-
ing cholesterol effects in membranes has been reviewed by
McMullen and McElhaney (1996). One of their conclusions
was that, despite a great deal of research, the molecular
picture of cholesterol-phospholipid interactions is still
incomplete.
Computer modeling has the potential to supply some of
the missing details. In the last 5 or so years there has been
tremendous progress in the development and application of
atomistic computer simulations to the study of model mem-
branes (Pastor, 1994; Tobias et al., 1997a). Of the dozens of
membrane simulations reported to date, two recently ad-
dressed the effects of cholesterol on lipid bilayer structure.
Robinson et al. (1995) reported a constant-volume MD
simulation of cholesterol at 10 mol% in a dimyristoylphos-
phatidylcholine (DMPC) bilayer at 50°C. They carried out a
relatively detailed analysis of the DMPC acyl chain confor-
mations, but did not have available a control calculation on
a pure DMPC bilayer for comparison. Gabdoulline et al.
(1996) performed MD simulations of pure DMPC and 1:1
DMPC:cholesterol bilayers and attempted to generate liquid
crystal phase bilayers by heating crystal configurations at
constant pressure from 73°C to 52°C. However, the re-
sults of these calcuations should be viewed cautiously,
because the area per lipid for the pure liquid crystal phase
DMPC bilayer was 50 Å2, 20% lower than the experi-
mental value.
In the present paper we expand upon these initial inves-
tigations by reporting a 1.4-ns constant-temperature and
pressure (NPT) MD simulation of a dipalmitoylphosphati-
dylcholine (DPPC) bilayer containing 12.5 mol% choles-
terol (i.e., a DPPC:cholesterol ratio of 8:1) at 50°C. We
have investigated a variety of effects of cholesterol at this
concentration on bilayer structure and dynamics by com-
paring to our previous simulation of a pure DPPC bilayer
under the same conditions of temperature and hydration (Tu
et al., 1995b). In addition to examining the effects of cho-
lesterol on the overall bilayer structure and DPPC hydro-
carbon chain conformations, we have focused in some detail
on cholesterol effects on the structure and electrical prop-
erties of the membrane/water interface, the packing of the
hydrocarbon chains, and the subnanosecond time scale mo-
tions of whole lipid molecules as well as the dynamics of
conformational rearrangements in the bilayer interior.
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MATERIALS AND METHODS
The initial structure of the DPPC/cholesterol bilayer was constructed from
a configuration taken from the end of our previous simulation of a fully
hydrated liquid crystal phase bilayer at 50°C (Tu et al., 1995), which
consisted of 64 DPPC and 1792 water molecules with an average area per
lipid of 61.8 Å2 and a lamellar repeat of 67.3 Å. Eight well-separated
DPPC molecules (four per monolayer) were removed and replaced with
cholesterol molecules, yielding a bilayer with 12.5 mol% cholesterol (8
cholesterol/64 lipids). The eight cholesterol molecules in the unit cell of the
monohydrate crystal (Craven, 1979) were taken as the initial cholesterol
structures, and these were placed such that their hydroxyl oxygen atoms
were at the same depth in the bilayer as the average of the carbonyl
oxygens of the DPPC molecules that they replaced.
The DPPC/cholesterol bilayer was equilibrated at constant volume for
200 ps at a constant temperature of 50°C. This was followed by a 1400-ps
constant-pressure and -temperature simulation in a fully flexible simulation
cell at zero pressure and 50°C. The details of the simulation algorithm are
identical to those reported by Tu et al. (1995b).
We used the same all-atom force fields for DPPC (Tu et al., 1995a;
Tobias et al., 1997b) and water (Berendsen et al., 1987) that we employed
in our previous simulations of gel (Tu et al., 1996) and liquid crystal phase
(Tu et al., 1995b) DPPC bilayers. As for the lipid acyl chains, the all-atom
cholesterol potential (Tu, 1995) was based largely on Williams model IV
potential for hydrocarbons (Williams, 1967). Parameters used in the cho-
lesterol potential but not reported by Tobias et al. (1997b) or Tu et al.
(1995a) have been tabulated by Tu (1995). The Ewald sum was used to
calculate the electrostatic forces, and a long-range correction to the pres-
sure was used to account for truncated van der Waals interactions (Allen
and Tildesley, 1989).
To check the quality of the cholesterol potential, we carried out con-
stant-pressure simulations on cholesterol and cholesteryl acetate crystals
with fully flexible simulation cells. Although such crystal calculations are
not the final word on the performance of a potential in membrane simu-
lations, they should reveal serious deficiencies when they exist (Tu et al.,
1995a). The crystal simulations were initiated from the published x-ray
structures of anhydrous cholesterol (Shieh et al., 1981), cholesterol mono-
hydrate (Craven, 1979), and cholesteryl acetate (Weber et al., 1991). The
cholesterol calculation was performed on 48 molecules arranged in a 2a 
b  3c lattice at a constant temperature of 25°C, the monohydrate calcu-
lation on 72 cholesterol plus 72 water molecules in a 3a  3b  c lattice
at 25°C, and the acetate calculation on 64 molecules in a 2a  4b  2c
lattice at 150°C. Each simulation consisted of 10-ps equilibration at
constant volume, 10-ps equilibration at constant pressure, and at least 50-ps
data collection at constant pressure. Although short compared to the bilayer
simulations, these equilibration periods are significantly longer than the
time needed to converge the crystal structures (Tu et al., 1995a).
RESULTS AND DISCUSSION
The average unit cell parameters (a, b, c, , , and ) and
densities (d) from the cholesterol, cholesterol monohydrate,
and cholesterol acetate crystal simulations are tabulated in
Table 1. Overall, the agreement with the x-ray diffraction
results is excellent: most of the parameters are within 1% of
the experimental results, and the largest deviations are less
than 3%. In light of the fact that the cholesterol and cho-
lesterol monohydrate crystals each have eight different mol-
ecules (plus eight waters in the monohydrate) per unit cell,
the agreement with experiment is noteworthy.
The time evolution of the bilayer area and interlamellar
spacing during the 1.4-ns constant NPT MD simulation of
the DPPC/cholesterol bilayer at 50°C is shown in Fig. 1.
These quantities drifted from their initial values until 700
ps had elapsed, which we regard as equilibration and dis-
card. During the last 700 ps, which we have used for all of
the analysis reported below, the bilayer area and lamellar
repeat appear to have settled into oscillations around stable
average values of 1860 Å2 and 69.8 Å, respectively. The
former is 120 Å2 less and the latter is 2.5 Å greater than the
corresponding results from our previous simulation of a
pure DPPC bilayer (Tu et al., 1995b), which was in excel-
lent agreement with x-ray diffraction data on fully hydrated
DPPC bilayers. The magnitude of the increase in interla-
mellar spacing upon the addition of 12.5 mol% cholesterol
to the liquid crystal phase of DPPC is very close to that
observed for a similar cholesterol concentration in DMPC
by x-ray diffraction (Hui and He, 1983). The contraction of
the bilayer area, caused primarily by the replacement of four
DPPC molecules by the “skinnier” cholesterol molecules, is
accompanied by an increase in the thickness of the water
layer, so that the water density is not changed significantly.
Despite the relatively large 4% increase in the lamellar
spacing and 6% decrease in the bilayer area, there is only a
2% reduction in the volume of the DPPC/cholesterol system
compared to the pure DPPC system. The smaller volume
may be accounted for by a decrease in thickness of the of
the DPPC/cholesterol bilayer (see below). A snapshot from
the end of the MD simulation of the cholesterol containing
DPPC bilayer is shown in Fig. 2 a. One can see from the
figure that the cholesterol molecules were initially placed
and remained well separated from one another. It is also
evident that the cholesterol molecules are located at a range
of depths within the bilayer, and their long axes are tilted
significantly with respect to the bilayer normal. The average
tilt, defined as the angle between the bilayer normal and the
TABLE 1 Comparison of x-ray and NPT MD results for the crystal unit cell parameters and densities of cholesterol, cholesterol
monohydrate, and cholesteryl acetate crystals
Crystal a (Å) b (Å) c (Å)  (°)  (°)  (°) d (g/cm3)
Cholesterol (25°C) X-ray* 14.17 34.21 10.48 94.6 90.7 96.3 1.02
MD 14.01 34.04 10.41 94.4 90.8 97.2 1.05
Cholesterol monohydrate
(25°C)
X-ray# 12.39 12.41 34.36 91.9 98.1 100.8 1.05
MD 12.51 12.07 34.52 89.5 99.4 100.5 1.06
Cholesterol acetate
(150°C)
X-ray§ 16.54 9.29 17.64 90.0 106.9 90.0 1.10
MD 16.55 9.30 17.50 90.0 107.0 90.0 1.11
*Shieh et al. (1981).
#Craven (1979).
§Weber et al. (1991).
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vector connecting the cholesterol C3 and C17 atoms (see
Fig. 2 b for atom labels), is 14°, which is close to the range
of values, 16° to 17° estimated from deuterium NMR mea-
surements on cholesterol from 10 to 50 mol% in DMPC at
23°C (Oldfield et al., 1978).
The rigid sterol nucleus and short, flexible 17 hydro-
carbon tail in cholesterol and related molecules plays an
important role in determining the conformations of neigh-
boring molecules in the lipid matrix. Steroids that have
saturated nuclei are essentially inflexible, whereas choles-
terol, with its unsaturated carbon-carbon bond in the 5-ene
B ring, does display multiple sterol ring conformations in
crystals. To see the extent to which the situation may be
different in bilayers, we have analyzed the structures of the
cholesterol molecules in our simulation and compared them
to x-ray crystal structures. The conformations of the B rings
generally range about the symmetrical 8, 9 half-chair
conformation in which atoms C10, C5, C6, and C7 are
coplanar because of the C5-C6 double bond, and C8 and C9
are displaced on the  and  sides, respectively, of the plane
(see Fig. 2 b). If C8 or C9 becomes coplanar with C10, C5,
C6, and C7, the B ring has the 9 sofa or 8 sofa confor-
mation, respectively. In our simulation the B ring exhibited
considerable flexibility, but preferred the 8, 9 half-chair
conformation to both the 8 sofa and 9 sofa conforma-
tions. In the cholesterol monohydrate crystal the preferred
conformations are between the 8, 9 half-chair and 9
sofa conformations, whereas in the cholesterol acetate crys-
tal one molecule in the unit cell prefers the 9 sofa and the
other the 8 sofa conformation. To characterize the confor-
mational disorder in the hydrocarbon tail, we calculated the
average fraction gauche conformations, obtaining for the
last five bonds 0.04 (C17-C20), 0.21 (C20-C22), 0.11 (C22-
C23), 0.22 (C23-C24), and 0.50 (C24-C25). From a survey
of 96 crystallographically independent examples of the con-
formation of the cholestane side chain, Rohrer et al. (1980)
concluded that there are four primary conformers: the fully
extended chain (A), and three conformers (B, C, and D)
distinguished by gauche defects in the C23-C24, C22-C23,
and C20-C22 bonds, respectively. The probabilities of oc-
currence of conformations A, B, C, D in the 96 examples are
0.72, 0.08, 0.08, and 0.11, respectively. In our simulation
the relative populations were 0.55, 0.12, 0.11, and 0.12,
whereas in the monohydrate crystal four of the eight mol-
ecules in the unit cell are B and four are C, and in the acetate
crystal both molecules in the unit cell are A.
For the purpose of discussing the effects of cholesterol at
12.5 mol% on the overall structure of the bilayer, in Fig. 3
a we compare the electron density profiles as a function of
distance along the bilayer normal computed as decribed by
Tu et al. (1995b) from the two simulations. The basic form
FIGURE 1 Time evolution of the bilayer area (28 DPPC plus 4 Chol)
and lamellar spacing during the NPT MD simulation. These dimensional
parameters appear to have converged after 700 ps.
FIGURE 2 (a) Snapshot of a configuration from the MD simulation. The
central simulation cell is outlined in red, and the lipid H atoms have been
removed for viewing clarity. The coloring scheme is: water O, orange;
cholesterol C, magenta; N, blue; P, green; C, gray; and lipid O, yellow.
Note that the cholesterol molecules display an appreciable tilt with respect
to the bilayer normal. (b) The molecular structure of cholesterol with the
carbon atoms and rings labeled. The stereochemistry of cholesterol is such
that the C18 and C19 methyl groups are both on the same () side of the
approximately planar sterol ring system (the opposite side is referred to as
the  side).
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of the total electron density profiles, well known from x-ray
diffraction studies on L phase bilayers (Nagle et al., 1996),
consists of two pronounced peaks corresponding roughly to
the phosphate groups, a “methyl trough” at the bilayer
center, and a region of monotonically decreasing density
connecting the peaks and trough. The breakdown into con-
tributions from DPPC and cholesterol shows that the cho-
lesterol molecules remain confined well within the bound-
aries of the bilayer. Although the total density profiles are
similar for the bilayers with and without cholesterol, there
are three notable differences. First, the addition of choles-
terol decreases the bilayer thickness, as measured by the
peak-to-peak distance, from 38.2  0.8 Å to 37.2  0.8 Å
(uncertainties are standard deviations of averages from
seven 100-ps increments). Second, the total electron density
is slightly increased throughout the range where cholesterol
exists in the bilayer. Third, the bilayer/water interface is
slightly more abrupt, i.e., the DPPC and water densities
drop off more abruptly at the edge of the membrane, in the
cholesterol-containing bilayer.
To characterize the bilayer/water interface in more detail,
following Wiener and White (1992), in Fig. 3 b we have
broken down the electron densities into contributions from
the acyl ester (OCAO), glycerol backbone (C3H5), phos-
phate (PO4), and choline ((CH2)2N(CH3)3) groups. With the
exception of the choline profiles, the constituent densities
are very similar in the DPPC and DPPC/cholesterol bilay-
ers. The peaks in the densities from the cholesterol-contain-
ing bilayer have been shifted slightly toward the bilayer
center, consistent with the decreased bilayer thickness noted
above. The choline density, which is roughly symmetrical in
the pure DPPC bilayer, has been skewed significantly to-
ward the center of the cholesterol-containing bilayer so that
its peak is concident with the phosphate peak. The narrow-
ing of the bilayer and flattening of the choline group are
quantitatively reflected in the average distances of various
carbons from the bilayer center along the bilayer normal.
For the choline methyl carbons, C (nomenclature accord-
ing to Bu¨ldt et al., 1979); the choline methylene carbons, C
and C; and the glycerol methylene carbon, GC-3, the
distances in the pure bilayer are 21.1  3.0 Å, 20.3  2.6
Å, 20.2  2.4 Å, and 17.4  2.1 Å, respectively, compared
to the corresponding values in the cholesterol-containing
bilayer, 19.8  3.7 Å, 19.6  2.9 Å, 19.6  2.6 Å, and
17.3  2.0 Å. Thus it is clear that the presence of choles-
terol causes the choline group to move inward (toward the
bilayer center), and the near coincidence of the C, C, and
C distances suggests that the choline group lies nearly flat
in the bilayer plane in the cholesterol-containing bilayer.
Indeed, the average inclination of the P-N vector is 6° with
cholesterol, compared to 17° in the pure DPPC bilayer.
To establish the location of cholesterol in the bilayer, we
show in Fig. 3 c the electron density contributions from the
cholesterol hydroxyl oxygen and ring and tail carbons,
along with those from the water and DPPC polar groups.
The cholesterol profiles are quite broad, e.g., the hydroxyl
oxygen profile has a full width at half-maximum of 7 Å,
indicating a wide range of cholesterol depths in the bilayer.
It is clear from the figure that the cholesterol molecules
prefer to have their hydroxyl oxygens below the DPPC
phosphate groups. Thus cholesterol sits low in the bilayer
and leaves holes in the bilayer surface that are generally
filled by choline ammonium groups from neighboring
FIGURE 3 (a) Symmetrized electron density profiles computed from the
simulations with (– – –) and without (——) cholesterol: total electron
density profiles and individual contributions from the DPPC, cholesterol,
and water molecules. (b) Electron density profiles for various groups in the
bilayer water interface from simulations with (– – –) and without (——)
cholesterol. (c) Electron density profiles showing the location of choles-
terol in the bilayer/water interfacial region.
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DPPC molecules (hence the nearly flat average orientation
of the P-N vectors). The cholesterol hydroxyl position is
widely distributed throughout the range where the DPPC
ester, phosphate, and choline, as well as the water densities,
overlap. In this way, the cholesterol hydroxyl is poised to
interact with all of the polar groups in the bilayer/water
interface. Indeed, we find that cholesterol does not strongly
prefer to interact with a specific DPPC moiety (e.g., acyl
ester carbonyl), in agreement with the findings of others
(McMullen and McElhaney, 1996). In Fig. 4 we show
examples of the types of cholesterol/DPPC and cholesterol/
water interactions typically observed in the simulation. A
statistical analysis based on radial distribution functions
revealed that the hydroxyl group interacts exclusively with
water about half of the time, whereas the other half of the
time it is equally split between the phosphate and carbonyl
groups. Among the interactions with the carbonyl groups,
those with the sn-1 carbonyl are about twice as common as
those with the sn-2. The cholesterol ring system is situated
such that, on average, C3 (to which the hydroxyl is at-
tached) is at the same distance from the bilayer center (14
Å) as C2 in the DPPC acyl chains, and C17, to which the tail
is attached, is at the same distance (7 Å) as C10 in the DPPC
chains. The average distances of the DPPC acyl chain
carbons are essentially unchanged by the presence of cho-
lesterol compared to their positions in the pure bilayer (Tu
et al., 1995b).
From the above analysis of the bilayer/water interfacial
region, it is evident that cholesterol modifies the orientation
of the choline such that the bilayer surface is flatter. We
now examine how this modification affects the orientation
of the water molecules and the electrical properties of the
bilayer/water interface. Measurements of the electrostatic
potential difference across the interface have suggested, and
MD simulations have shown, that water molecules in the
vicinity of the bilayer surface are preferentially oriented, or
“orientationally polarized,” such that their dipole vectors
(pointing from the oxygen toward the H-H bisector) are
directed toward the bilayer surface. Following numerous
other authors (reviewed by Feller et al., 1996, and Tobias et
al., 1997a), we characterize the water orientational polar-
ization in our simulations by examining the quantity cos
, where  is the angle between the water dipole and the
bilayer normal, and the brackets denote an average over
time, water molecules, and the two bilayer surfaces, as a
function of distance from the bilayer center. Clearly, this
quantity vanishes for a uniform orientational distribution.
The results obtained from our simulations of the pure and
cholesterol-containing DPPC bilayers, shown in Fig. 5, dis-
play the generic features noted in other simulations. Spe-
cifically, there is a peak at roughly the same distance as the
maximum in the overall electron density profile (Fig. 3 a),
which corresponds, as we have already pointed out, to the
hydrated DPPC phosphate group and an exponential decay
into the bulk water. (We note that at distances less than18
Å there are few water molecules and hence the statistics are
relatively poor.) We have observed previously that the most
specific water/headgroup interactions are those involving
the unesterified phosphate oxygens (Tu et al., 1996). As
these oxygens are generally pointing into the solution, and
the water dipoles tend to point toward these oxygens, the
water molecules bound to the phosphate presumably pro-
vide the greatest contribution to the orientational polariza-
FIGURE 4 Examples of interactions between the cholesterol hydroxyl
group and DPPC and/or water molecules. Hydrogen bonds are indicated by
green lines.
FIGURE 5 Water dipole orientational polarization computed from the
simulations with (– – –) and without (——) cholesterol.
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tion. Comparing the two profiles, we see that the addition of
cholesterol to the bilayer leads to greater orientational po-
larization of the water molecules throughout the system.
It has long been known from monolayer and bilayer
studies that there is an appreciable electric potential differ-
ence across lipid/water interfaces (Flewelling and Hubbell,
1986), typically a few hundred mV, negative on the water
side relative to air or hydrocarbon in the case of bilayers.
Thus the potential can be thought of as arising from an array
of dipoles arranged in a plane at the interface. The molec-
ular origins of this so-called dipole potential have been of
interest because the electrical properties of the bilayer sur-
face influence the transport of charged species across the
membrane. For bilayers composed of diacylphospholipids,
the primary negative contributions are from oriented water
molecules (Gawrisch et al., 1992) and, to a lesser extent, the
carbonyl groups in the acyl ester linkages (Flewelling and
Hubbell, 1986). Reports of experimentally measured values
of the dipole potential range from 200 mV to 500 mV,
depending on the system and type of measurement. Mea-
surements on egg PC/cholesterol monolayers showed that
the magnitude of the dipole potential is increased from 415
mV in pure egg PC to 446 mV upon the addition of 0.2
mol% cholesterol (McIntosh et al., 1989). In Fig. 6 a we
show results for the total dipole potential, calculated from
our simulations in the usual way, as a double integral of the
charge density (for example, as described by Feller et al.,
1996). The average charge density was computed by dis-
tributing each partial atomic charge in a Gaussian with a
variance equal to the van der Waals radius. Given the crude
representation of the molecular charge distributions, and the
neglect of explicit electronic polarization in our calcula-
tions, we shall use the results solely to draw qualitative
conclusions regarding the molecular origins of the dipole
potential and its modification by cholesterol. The potentials
in Fig. 6 a display a monotonic decrease through the bilayer/
water interface to a value in the bulk water of about 500
mV for pure DPPC and 800 mV for DPPC, with choles-
terol at 12.5 mol%. These results are qualitatively consistent
with experimental measurements, although the calculated
cholesterol effect is likely too large. To gain insight into the
cholesterol effect on the dipole potential, in Fig. 6 b we have
decomposed the potentials into contributions from the
DPPC and water molecules. The potential arising from the
DPPC molecules in the pure bilayer suggests that, although
there is a negative contribution in the region of the phos-
phate groups (see Fig. 3 b), this is cancelled by the posi-
tively charged choline at the outer reaches of the bilayer.
Thus, according to our calculations, the dipole potential in
the pure bilayer arises primarily because of an excess of
water molecules oriented with their dipoles pointing toward
the membrane surface. The addition of cholesterol produces
an overall negative contribution of more than 100 mV from
the DPPC molecules, as well as a 150-mV increase in the
magnitude of the water contribution. The former can be
explained in terms of the reduced inclination of the P-N
vector leading to incomplete cancellation by the choline of
the phosphate dipole, and the latter by an increase in ordered
water molecules (indicated above by the orientational po-
larization) in the cholesterol-containing system. These re-
sults constitute a concrete example of the anticipated con-
nection between subtle structural changes and nontrivial
modification of the electrical properties of the bilayer sur-
face (Gawrisch et al., 1992).
Now we turn to the bilayer interior and present results
concerning the effects of cholesterol on the conformations
and packing of the acyl chains. The average hydrocarbon
chain structure is often discussed in terms of the C-D order
parameter, SCD  1⁄23 cos2  1, where  is the angle
between a C-D bond in a deuterated methylene group and
the bilayer normal, and the brackets denote an average over
time and chains. The order parameter so defined is propor-
tional to the quadrupolar splitting measured in deuterium
NMR experiments on deuterated lipids. In Fig. 7 we show
the values of SCD calculated from our simulations for each
of the methylene groups in the DPPC acyl chains. In a
previous publication (Tu et al., 1995b) we compared the
results for the pure DPPC bilayer to those measured by
deuterium NMR on selectively deuterated lipids (Seelig and
Seelig, 1974). The experimental results are notoriously dif-
ficult to reproduce quantitatively by MD simulation, and we
FIGURE 6 Electrostatic potential difference relative to the bilayer center
computed from the simulations with (– – –) and without (——) cholesterol.
(a) Total. (b) Individual contributions from water and DPPC molecules.
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found that our simulation model, despite giving the correct
bilayer dimensions and density, produced too much order at
the two extremes of the chains. It is well known from NMR
measurements that higher cholesterol concentrations than
the one considered here (e.g., 	20 mol%) significantly
increase SCD values in liquid crystal phase phospholipid
bilayers, but at 10 mol% there is only a slight increase for
DMPC (Jacobs and Oldfield, 1979) and DPPC (Vist and
Davis, 1990). The simulation results shown in Fig. 7 predict
that cholesterol at 12.5 mol% has very little effect on the
chain structure as reflected by the SCD values. We arrive at
the same conclusion based on the conformational defects:
the average fraction of gauche conformations in the 14
bonds of the DPPC acyl chains is 25% in both simulations,
the distributions of gauche conformers along the chains are
almost identical (the values for the pure bilayer were re-
ported by Tu et al., 1995b), and there are on average 0.6 gtg
kinks per chain in both simulations.
Another cholesterol effect that we may address using our
simulations is the “condensing” effect, i.e., the tendency of
cholesterol to reduce the area or volume per lipid in bilay-
ers. In systems consisting of mixtures of flexible molecules,
it is difficult to directly calculate the area and/or volume per
molecule, although a potentially useful method for calcu-
lating lipid volumes based on density profiles from simula-
tions was reported recently by Petrache et al. (1997). Here
we take a simpler approach to qualitatively assess the con-
densing effect. The average volume of the methylene groups
can be estimated from the methylene region of the electron
density profiles (Fig. 3 a). For example, from the profile for
the pure DPPC bilayer, the average electron density in the
middle of the acyl chains (distances 6–11 Å from the
bilayer center, approximately the range of the fifth through
ninth carbons in the chains) is 0.293 e/Å3, which corre-
sponds to a volume 27.3 Å3 per methylene group. For the
cholesterol containing bilayer, the average electron density
is 0.301 e/Å3, which gives a methylene volume of 26.6 Å3.
For perspective, we may compare these results to the cor-
responding quantities from our previous simulation of a
pure gel phase DPPC bilayer. In the gel phase the average
methylene electron density and methylene volumes are
0.335 e/Å3 and 23.9 Å3, respectively. Thus, compared to
methylene volume change associated with the bilayer phase
transition (10%), the reduction upon addition of 12.5
mol% cholesterol is small (2%). Given that the average
distances of the methylene groups along the bilayer normal
are essentially identical in the pure DPPC and DPPC/cho-
lesterol bilayers, we may also conclude that the area per
methylene group is not significantly changed by 12.5 mol%
cholesterol.
To complement the analysis of the methylene volume, we
have calculated the free volume fractions as functions of
displacement along the bilayer normal. The free volume
properties of bilayers are useful for understanding the pas-
sive permeation process (Marrink and Berendsen, 1994). In
particular, the profile of the static average free volume
fraction provides information on the solubility of pene-
trants, in the sense of their ability to fit into the various
regions of the membrane. We have computed the “empty”
free volume fraction as a function of position in the bilayer,
exactly as described by Marrink et al. (1996). In Fig. 8 we
show the results for our all-atom DPPC and DPPC/choles-
terol bilayers at 50°C. For reference we have also indicated
the value (0.41) obtained from a simulation of liquid tetra-
decane that employed the same hydrocarbon chain model at
the same temperature (Tobias et al., 1997b). The profiles
display some of the general features noted previously by
Marrink et al. (1996): they are clearly inhomogeneous
throughout the entire bilayer (roughly20 Å to 20 Å), with
maxima at the bilayer center. However, the profile from the
DPPC bilayer simulation of Marrink et al. displayed minima
in the headgroup region, whereas the minima in our pure
DPPC profile appear in the middle of the acyl chain region.
Evidently, the shapes of the free volume profiles have a
significant model dependence. The results of Marrink et al.
were obtained from a simulation employing an “extended
FIGURE 7 Comparison of the DPPC acyl chain C-D order parameters
computed from the simulations with (– – –) and without (——) cholesterol.
FIGURE 8 Fraction empty free volume as a function of position along
the bilayer normal computed using an all-atom model in the bilayers with
(——) and without (–  –) cholesterol, and an extended hydrogen model in
the bilayer without cholesterol. For reference, the average value calculated
from a simulation of tetradecane (Tobias et al., 1997b) is 0.41.
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hydrogen” model (methylene and methyl groups repre-
sented as single spheres), whereas our simulations included
all of the hydrogens. When we recomputed the profile from
our DPPC trajectory using an extended-H model for the
hydrocarbon chains, we obtained a result that is qualita-
tively much more similar to that of Marrink et al. (see Fig.
8). Returning to our all-atom results, within the bilayers the
empty free volume is everywhere significantly lower than
the liquid hydrocarbon reference value. Comparing the
DPPC and DPPC/cholesterol profiles, we find that 12.5
mol% cholesterol does reduce the free volume throughout
the bilayer, but not by a large amount (the largest reduction
is 4% near the middles of the hydrocarbon chains). Thus
we suggest that the cholesterol-induced reduction of bilayer
passive permeabilities (e.g., by a factor of 3.5 for acetic acid
upon the addition of 20% cholesterol in DPPC at 50°C;
Xiang and Anderson, 1997) does not result exclusively from
a “condensation” or repacking of the chains such that the
steric exclusion of a permeating solute is much greater in a
bilayer containing cholesterol at the concentration studied
here. Below we will offer an additional explanation based
on an analysis of cholesterol effects on molecular dynamics
in bilayers.
On the ps to ns time scales, lipid molecules in bilayers
exhibit a variety of whole-molecule and internal motions
with amplitudes up to10 Å that are likely important in the
lateral and transbilayer transport of small molecules (Ko¨nig
and Sackmann, 1996). For the purpose of qualitatively
discussing lipid dynamics in pure and cholesterol-contain-
ing bilayers, we show in Fig. 9 sets of configurations
spanning three decades of time scales, from 10 ps to 1000
ps, in our MD simulations. As we have pointed out previ-
ously (Tobias et al., 1997a), consistent with deductions
from incoherent quasielastic neutron scattering (Ko¨nig and
Sackmann, 1996), several dynamical processes are devel-
oped on the nanosecond time scale in phospholipid bilayers:
headgroup “flip-flop,” chain defect motion throughout the
lengths of the acyl chains, partial rotation of the molecule as
a whole, and single-molecule protrusion and lateral “rattling
in a cage” motions with amplitudes of several Å. It is clear
from the figure that the simulations predict that cholesterol
at 12.5 mol% has a profound effect on the phospholipid
dynamics at all time scales up to a nanosecond. The nano-
second time scale dynamics in the presence of cholesterol
for the most part resemble those on the 100-ps time scale in
the pure bilayer, perhaps with the exception of the motions
of individual segments of the hydrocarbon chains. It is also
of interest to note how, in the example shown in the figure,
the arrangement of the sn-2 chain is influenced by the
methyl groups sticking out of the cholesterol ring system.
The amplitudes of the cholesterol protrusion and lateral
rattling motions are similar to those of the DPPC molecules.
At the bottom of the figure we can see that the cholesterol
molecules display a rocking motion (about an axis parallel
to the plane of the bilayer, located roughly at the middle of
the ring system) around their average, tilted orientation and
significant but incomplete rotation of the cholesterol mole-
cules about their long axes on the nanosecond time scale.
The effect of cholesterol on the lateral “rattling” motion
of the lipid molecules on the 100-ps time scale is quantita-
tively illustrated by the time dependence of the center-of-
mass mean squared displacements (MSDs) in the bilayer
plane plotted in Fig. 10. It is clear that the diffusive motion
FIGURE 9 Sets of configurations spanning 10-ps, 100-ps, and 700-ps
time scales of selected DPPC and cholesterol molecules. The top third of
the figure is from the simulation of a pure DPPC bilayer, and the lower
two-thirds is from the simulation of the cholesterol containing bilayer.
FIGURE 10 Center-of-mass mean squared displacements of DPPC and
cholesterol molecules in the bilayer plane computed from simulations of
pure and cholesterol-containing DPPC bilayers.
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(quantified by the slope of the MSD) of both the DPPC and
cholesterol molecules in the cholesterol-containing bilayer
is roughly one-third that of the DPPC molecules in the pure
bilayer.
The internal dynamics of the hydrocarbon chains, or
“fluidity” of the bilayer interior, is conveniently discussed
in terms of the time correlation functions plotted in Fig. 11,
C(t) 1⁄23[(t)  (0)]21, where  is a unit vector along
a methylene C-H bond. As discussed by Venable et al.
(1993), these correlation functions generally consist of fast
(
100 ps) and slow (	1 ns) components. It is possible,
given an analytical model (typically a sum of exponentials)
and either a long (		1 ns) simulation or an experimental
estimate for the slow decay, to fit the computed C(t) and
extract amplitudes and relaxation times for the fast motions
(Venable et al., 1993). In the absence of sufficiently long
simulations, or experimental data on DPPC/cholesterol bi-
layers, for reliably fitting the C(t), we simply note here that
cholesterol increases the reorientational relaxation times
along the lengths of the chains. Thus cholesterol acts to
increase the microscopic “viscosity” of the bilayer interior.
The reorientational correlation functions, C(t), represent a
superposition of all of the chain motions occurring on the
100-ps time scale, including simple trans-gauche isomer-
izations, as well as more complicated rerrangements such as
kink formation, disappearance, and diffusion. The snapshots
shown in Fig. 9 suggest that, whereas the larger amplitude
chain motions are quenched, the simpler trans-gauche tran-
sitions may not be significantly affected by the presence of
cholesterol. Indeed, we find, by calculating the isomeriza-
tion rates as described by Venable et al. (1993), that they are
essentially the same along the lengths of the DPPC chains in
the pure and cholesterol-containing bilayers. For example,
the rates are 19 ns1 and 15 ns1, respectively, for the
second bond (counting from the acyl ester linkage), 23 ns1
and 22 ns1 for the eighth bond, and 38 ns1 and 37 ns1
for the 13th (last) bond in the DPPC acyl chains.
We have compared a constant-pressure and -temperature
molecular dynamics simulation of a DPPC bilayer contain-
ing 12.5 mol% cholesterol at 50°C to our previous simula-
tion of a pure DPPC bilayer under the same conditions. We
have employed force fields that we have validated in pre-
vious work by reproducing important structural parameters
such as the area per lipid and bilayer thickness of pure
DPPC bilayers (Tu et al. 1995b), and in the present work by
obtaining good agreement with the x-ray structures of cho-
lesterol crystals, with constant pressure simulations. Our
imposition of constant pressure, as opposed to constant
volume, represents an advance over the recent simulation of
Robinson et al. (1995), and has enabled us to observe
cholesterol-induced changes in the overall bilayer dimen-
sions. Indeed, we found that the lamellar spacing increases
by 2.5 Å, consistent with x-ray diffraction data, and the
bilayer thickness decreases by 1 Å. Assuming an un-
changed area per DPPC of 61.8 Å2, we obtain 32.4 Å2 for
the average area per cholesterol, a value that is significantly
lower than the 38 Å2 imposed by Robinson et al.
Our analysis suggested that, in the bilayer interior, cho-
lesterol at the concentration considered does not signifi-
cantly affect the conformations and packing of the hydro-
carbon chains, and only slightly reduces the empty free
volume. The bilayer/water interface was modified by the
presence of cholesterol such that the lipid headgroups lay
flatter to fill spaces left by the cholesterol molecules. This
leads to less compensation by the polar lipid headgroups of
the water dipole contribution to the membrane dipole po-
tential and provides a plausible explanation for the experi-
mentally observed increase in the magnitude of the dipole
potential by the addition of cholesterol. The cholesterol-
induced narrowing of the interface could produce a greater
free energy barrier for a passively permeating solute and
may partially explain the reduction of passive bilayer per-
meabilities by cholesterol. Our prediction that the bilayer/
water interface is narrower in the cholesterol-containing
bilayer is at odds with a conclusion of the simulation study
by Gabdoulline et al. (1996), namely, that cholesterol acts as
a spacer that allows greater headgroup conformational free-
dom, as suggested by a broader distribution of P-N orien-
tations. However, this result might be an artifact of the
excessively condensed bilayer produced by the simulation
protocol employed by Gabdoulline et al.
Our simulations also revealed that cholesterol has a sig-
nificant influence on the subnanosecond time scale lipid
dynamics. In summary, we found that large-scale rearrange-
ments of the DPPC acyl chains and the center-of-mass
motion of whole lipids are effectively frozen (at least on the
ns time scale) and the C-H reorientational motion is slowed
somewhat all along the lengths of the hydrocarbon chains
by the addition of 12.5 mol% cholesterol. The freezing of
the center-of-mass and large-amplitude chain motions could
translate into increased friction (microscopic viscosity) for a
passively permeating solute. Thus, although we have not
made calculations to directly address why cholesterol de-
creases the passive permeability of fluid phase bilayers, we
FIGURE 11 Orientational time correlation functions, C(t)  P2[(0) 
(t)], for selected C-H vectors, , in the DPPC acyl chains computed from
the simulations with (– – –) and without (——) cholesterol. The numbering
of the carbons begins at the carbonyl group of the acyl ester linkage.
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speculate that it is affected not only by a tighter interface
and reduction in available volume (an energetic effect), but
also by an increase in friction (a dynamical effect).
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